The severity of the corrosion and the morphological change with different types of aldehydes have been studied" .
In this report the severity and morphological features of this corrosion are compared with those by vinegar-containing commercial seasonings.
The vinegar is mainly composed of acetic acid, which is one of the potential corrosive substances that cause this type of corrosion.
2. Experimental 1-month and 3-month exposure tests were conducted in test tube containing volatile acids, aldehydes and seven different commercial seasonings at 25'C. Each test tube, 200 mm in length and 26 mm in inner diameter, was placed in a thermostated water bath. The top end of the test tube was sealed with a silicon rubber stopper. The copper tube was phosphorus deoxidized copper (JIS H 3300 C 1220: Cu 99. 9 and P 0. 015^-0. 040) and its size was 100 mm in length, 9. 6 mm in outer diameter and 0. 35 mm in wall thickness. The as-received copper tube was suspended vertically by an acrylic line over the corrosive agents in the test tube. The corrosive agents used in the test are shown in Table 1 with the trade names of manufacturers.
The concentration of the volatile acids (No.2 and 3) and the aldehydes (No.4 and 5) was 1 vol %. Ten ml of each seasoning was used without dilution by water. The concetration of acetic acid in grain vinegar and rice seasoning vinegar was 4. 2% and 2. 4%, respectively, and that in other commercial seasonings was of a few %. After the exposure tests the head part of the copper tube was embedded in epoxy resin, polished with 10 gm diamond paste, and its cross-section was observed under an optical microscope. Figures 1 and 2 show the surface appearance of the copper tubes that had been exposed to the atmosphere over distilled water (No.1), volatile acids (No.
Results and Discussion
The metallic lustre of the as-received copper tubes, except for No.1 (distilled water), faded with exposure time and turned to a grey-violet color followed by formation of bluish-green corrosion products on the surface. These bluish-green products were thought to be cupric acetate. The copper tubes of No. 5 and 8 showed tarnishing only at the lower ends close to corrosive solution and most of the surface retained its bright reflection.
3. 1 One month exposure Figures 3a and 3b show cross-sectional microphotographs of the lower end of the copper tubes, at the same magnification, exposed to different atmospheres for 1 month at 25'C. No signs of corrosion were observed in the copper tubes during the 1-month exposure to distilled water (No.1). Typical "ant's nest"-type corrosion, however, was observed in the copper tube exposed to a formic acid atmosphere. The microphotograph of No. 2 (Figure 3 a) shows a complicated microcavern with corrosion products (grey area), and the pit penetration was 70% of the copper tube wall thickness. A combination of hemispherical pits was observed in the copper tube exposed to acetic acid. The pit depth, however, was not as deep as the case of formic acid, due to the difference in the dissociation constant. The dissociation constant, which reflects acid strength, (-log K) is 3. 77 for formic acid and 4.76 for acetic acid. The acid strength of formic acid is about 10 times higher than that of acetic acid. Shallow pits were seen in the copper tube exposed to formaldehyde (No.4). In the copper tube exposed to acetoaldehyde (No.5), numerous relatively fine pits were observed in the cross-sectional view of the tube and the penetration was 30% of the tube wall thickness.
Irregular-shaped and wide-mouth pits were seen in the copper tube exposed to grain vinegar (No.6). The shape of the pits was different to that in the tube exposed to acetic acid. No localized corrosion was observed in copper tubes exposed to rice seasoning vinegar (No.7) (Figure 3b) . This was attributed to homogeneous dissolution of the whole copper tube surface. Although rice seasoning vinegar contains acetic acid, the concentration of acetic acid is only 2. 5%, which is much lower than that in grain vinegar (4. 2 %). In the copper tubes exposed to lemon juice (No. 8) , Worcester sauce (No. 9) and mayonnaise (No.12), small pits with roughened surfaces were observed. Finer pit penetration was observed in copper tubes exposed to French dressing (No.10) and vegetable oil dressing (No. 11) . Thus, these commercial seasonings cause much less penetration than volatile organic acids. This is because the acetic acid concentration in the commercial seasonings is lower and the mixture of other ingredients such as sugar and oil is thought to stabilize acetic acid's volatile nature. Figures 4a and 4b show morphological features in cross-sectional views of copper tubes that had been exposed to 12 different atmospheres for 3 months. A thin oxide layer developed on the surface of the copper tube exposed to the atmosphere over distilled water (No.1), but no localized corrosion was observed. In cases No. 2 to No. 6 , localized corrosion penetrated through the copper tube wall within 3 months. The copper tube exposed to formic acid (No.2) was severely affected by localized corrosion and microtunnels penetrated through the copper tube. Relatively large voids appeared in the microtunnels. In the copper tube exposed to an acetic acid atmosphere (No. 3) semispherical micropits were observed, and the round-shaped oxide (grey area) indicates the affected area in the copper tube (Figure 4a ). The pits also penetrated through the copper tube and the copper tube was perforated.
2 Three month exposure
Numerous fine pits were observed in the copper tube exposed to formaldehyde (No.4). Microvoids were distributed throughout the whole sectional surface. In the copper tube exposed to acetoaldehyde (No. 5) , fine pits were also seen throughout the whole sectional surface, suggesting that the pits had penetrated the tube. Larger directional pits were seen in the copper tube exposed to grain vinegar (Figure 4a ). The severity of the corrosion was almost the same as that in formic acid exposure. On the other hand, the rice seasoning vinegar caused no localized attack (No. 7). Localized attack did not occur because the entire surface was homogeneously corroded. The copper tube surface was covered with dense green corrosion products, mainly copper acetate, which absorbs water and keeps a wet surface. In the case of lemon juice (No.8), shallow localized attack was observed but the attack was not as severe as that observed in exposure to volatile acids and the aldehydes. The shape of the pits observed in the copper tube exposed to Worcester sauce atmosphere (No.9) was the same as that for acetic acid. Numerous fine pits were observed in the copper tubes exposed to atmospheres of French dressing (No. 10) and vegetable oil dressing (No. 11). A roughened surface with shallow pits was seen in the copper tube exposed to mayonnaise (No.12). It is noted that the penetration depth of the localized attack after 3-months exposure to these commercial seasonings was not as significant as that in the case of volatile chemical reagents, except for the 
